In 20 anesthetized opened-chest dogs, plunge wire and electrode catheter recordings of the His bundle electrogram which also showed septal activation, were monitored before and after ligation of the anterior septal artery. The average time to onset of ventricular tachycardia after ligation was 51/ min. The evolution of the arrhythmia was temporally related to progressive fragmentation and delay of the septal potential, resulting in a marked increase in total ventricular activation time (up to 
In 20 anesthetized opened-chest dogs, plunge wire and electrode catheter recordings of the His bundle electrogram which also showed septal activation, were monitored before and after ligation of the anterior septal artery. The average time to onset of ventricular tachycardia after ligation was 51/ min. The evolution of the arrhythmia was temporally related to progressive fragmentation and delay of the septal potential, resulting in a marked increase in total ventricular activation time (up to 335 msec). In six experiments the fragmented, delayed septal depolarization was inscribed well beyond the T wave of the surface QRS prior to the onset of arrhythmias. Various conduction disorders involving the ischemic septal myocardium were observed which closely correlated to the patterns of conduction disorder in the ischemic proximal HisPurkinje system. First degree block, 20 block of the Mobitz II and Wenckebach types, higher degree block and paroxysmal complete block occurred. The onset of the arrhythmia was characteristically associated with a Wenckebach pattern of conduction delay of a part of the septal deflection. Conduction disorders of the ischemic myocardium were tachycardia-dependent. Bradycardia resulted in recovery of form, duration, and timing of the septal potential with the coincident disappearance of ventricular arrhythmias. The study shows that the basic prerequisites for re-entry do exist during the early period following occlusion of a major coronary artery and can explain the malignant phase of ventricular arrhythmias. Similar disorders in man may be detected by intracardiac electrode catheter recordings. 10 We observed that this early phase of arrhythmia has a distinctly different time course from the conduction disorder of the proximal His-Purkinje system. The arrhythmia seems to be specifically related to a characteristic pattern of conduction disorders primarily involving the ischemic septal myocardium which strongly suggests a re-entrant mechanism. These disorders could be analyzed from both the electrode catheter and plunge wire recordings of the septal electrogram. Analysis of the electrode catheter recordings is of particular interest for it may suggest possible application to similar situations in man.
EL-SHERIF, SCHERLAG, LAZZARA Material and Method
Experiments were performed in 20 adult mongrel dogs weighing [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] kg and anesthetized with intravenous sodium pentobarbital (30 
Recordings from the same experiment shown in figure 1 illustrating the temporal evolution of ventricular arrhythmias. The figure shows a beat-to-beat increase in the total ventricular activation time (VAT) due to progressive delay in the fragmented septal depolarization (see the magnified sections encircled). The third beat which shows the greatest dispersion of ventricular activation is followed by the onset of ventricular arrhythmias. Note that vagal induced slowing of the heart rate (VS) interrupted the ventricular arrhythmia and resulted in significant recovery in form, amplitude, and duration of the septal deflection.
Figure 2 was obtained 6 min after ligation and illustrates the onset of ventricular arrhythmia. The total VAT of the first beat measured from the onset of ventricular depolarization to the end of the fragmented potential in the Hb(L) recording has increased from 140 msec in figure 1, panel D, to 160 msec. This is followed by a beat-to-beat increase in the VAT due to progressive delay in the fragmented septal depolarization (see magnified sections). The third beat, which shows the greatest dispersion of ventricular activation, is followed by the onset of ventricular arrhythmia. Note marked prior to the onset of VT. An increase in total VAT of up to 335 msec was observed. In six instances, the recorded electrograms showed markedly delayed ventricular activation which occurred after the end of the T wave of the standard ECG. The occurrence of maximal delay invariably preceded the onset of VT.
In 12 experiments, the sequence of events leading to VT paralleled those shown in figures 1 and 2 in which fragmentation of the septal depolarization resulted in gradual increase in total VAT. In eight experiments, one or more of the recorded electrograms, usually the electrode catheter recording, showed less diffuse fragmentation with the delay of a discrete low amplitude septal deflection. Alternate inscription of this delayed potential suggested that conduction to the area of delay was completely blocked every other beat. This is shown in figure 4 . Note the sharp late septal deflection in both the electrode catheter recording (Hb(L) ) and the plunge wire recording In the eight experiments in which a 2:1 block of a discrete late septal deflection was observed, the conduction disorder always preceded the onset of ventricular arrhythmia by a few seconds up to 2 minutes. In five of the eight experiments the onset of ventricular arrhythmia was related to a characteristic pattern of conduction delay of the late septal potential. This is shown in figures 5 and 6 which were obtained from another experiment and illustrate both an electrode catheter recording from the left side of the heart (Hb(L) and a plunge wire recording from the His bundle area (Hb(W) ). MALIGNANT VENTRICULAR ARRHYTHMIA progressive increase in total VAT in the Hb(L) recording is attributed primarily to gradual fragmentation and increase in the duration of the late septal potential and to a lesser extent to actual delay and split of the deflection from the rest of the ventricular complex (see the magnified sections encircled). On the other hand, the Hb(W) recording shows a distinct, relatively sharp late septal deflection which is clearly split from the rest of the ventricular deflection and corresponds only to the late part of the septal potential in the Hb(L) recording. Note that the gain has been increased threefold on the Hb(W) recording relative to the control record to be able to detect the discrete late septal deflection. The second half of panel C illustrates the onset of 2:1 block of the late septal deflection. The conduction pattern of the late septal deflection both prior to and subsequent to the block is reminiscent of the Mobitz type II block. However, as in the case of A-V conduction disorders,10 this arrangement usually represents a Wenckebach conduction with a few msec increment of conduction delay. Figure 6 , panel A, was obtained 51/2 min after ligation and illustrates the characteristic pattern of conduction delay of the late septal deflection associated with the onset of ventricular arrhythmia. Atrial pacing was started at a rate of 150 beats/min. The first half of panel A shows a regular 2:1 block of the late septal deflection associated with a progressive widening and delay of the deflection so that the total VAT increases gradually from 145 to 160 msec. In the second half of panel A, however, the septal deflection, instead of being completely blocked as expected in a regular 2:1 sequence, starts conducting in a 1:1 pattern with a progressive delay resulting in significant prolongation of the total VAT. The beat with the longest VAT of 200 msec is immediately followed by ventricular tachycardia. Note that the first beat in the ectopic run has a very long coupling interval and is actually inscribed shortly after the His bundle deflection of the preceding sinus beat. The pattern of conduction delay of the late septal deflection that preceded the onset of ventricular tachycardia is reminiscent of the Wenckebach type of conduction delay.
The early phase of ventricular arrhythmias subsides with time, 15-30 min after occlusion of the anterior septal artery. At that time, rapid atrial pacing fails to induce the arrhythmia contrary to its effect early after occlusion. The were obtained. Plunge wire recordings were not obtained in this experiment. Figure 7 , panel A, shows the control record and illustrates a discrete sharp biphasic deflection at the end of the ventricular complex which represents septal depolarization. This results in total VAT, measured from the Hb(L) electrogram, of 80 msec as compared to the surface QRS duration of 50 msec. Panels B to D were obtained following ligation and illustrate progressive delay in the inscription of the septal deflection associated with marked decrease in the amplitude of the deflection and an increase in its duration. In panel D a 2:1 block of the late septal deflection developed. Panel E shows that the 2:1 conduction block of the septal potential was a tachycardia-dependent phenomenon. Vagal stimulation was applied at the beginning of the record with gradual slowing of the heart rate. At a critical increase of R-R cycle to 700 msec, the 2:1 conduction block changed into a 1:1 delayed conduction. It is of significance to note the remarkably stable electrode catheter recording, as evidenced by the constant configuration of the A deflection, Hb deflection, and the proximal part of the V deflection. The only dynamic changes involved the late septal deflection. Figure 8 shows that the onset of ventricular arrhythmia is associated with a characteristic pattern of conduction delay of the late septal deflection similar to that shown in figure 6 . The first part of panel A shows a 2:1 conduction block of the septal deflection during a regular relatively slow heart rate of 94 beats/min obtained by vagal stimulation. In the fourth beat, however, the septal deflection, instead of being completely blocked as expected in a regular 2:1 pattern, was markedly delayed and continued to be inscribed well after the end of the T wave of the standard ECG. This was immediately followed by the onset of a short run of self-terminating VT During this study it was observed that the majority of ventricular arrhythmias started by a late coupled rather than an early coupled ventricular ectopic beat. Table 1 shows a detailed analysis of the prematurity index of the first beat of an ectopic run in all 20 experiments. The prematurity index was determjned by dividing the coupling interval of the ectopic beat (R-R') by the Q-T interval of the preceding sinus beat. The present report confirms recent studies conducted following ligation of the anterior descending coronary artery6-8 by showing fragmentation and delay of local electrograms resulting in marked dispersion of the total ventricular activation time as well as a close temporal relationship between local areas of delayed activation and the onset of the early phase of ventricular arrhythmias. This study, however, presents at least three additional features:
1) Ischemia following ligation of the anterior septal artery involves the septal myocardium as well as the proximal His-Purkinje system. The time course of ischemic conduction disorders of the proximal HisPurkinje system has been amply defined and occurs significantly later following ischemia compared to the time course of ischemic conduction disorders of septal myocardium.9-' Thus, the present study strongly suggests that the early phase of ventricular Table 1 Prematurity Index of the First Ectopic Beat of Ventricular Tachycardia* (Coupling Interval (R-R') Divided by Q-T Duration)
Expt.
Heart rate R-R' Q-T Prematurity 3) Although in this study as well as in similar studies there is no unequivocal proof that the fragmented potentials actually represent delayed myocardial depolarization, the observed gradual evolution of these changes, their rate-dependence as well as their temporal relationship to the onset and disappearance of the arrhythmia, support this contention. In fact, critical analysis of several of our records strongly suggests that the electrophysiological mechanism underlying the early phase of ventricular arrhythmia is consonant with an irregular conduction disorder of ischemic myocardium which closely simulates the patterns of conduction disorder in ischemic proximal His-Purkinje system.9`0 These include delayed conduction equivalent to 1, 3:1, 4:1, etc., figure 4 ) and paroxysmal complete block ( figure 6, panel B) . The associated with the onset of atrial echo beats and reentrant atrial tachycardias.20 This pattern similarly suggests the occurrence of an intraventricular reentrant arrhythmia. However, caution should be exercised in drawing the analogy between conduction disorders in ischemic septal myocardial and A-V junctional conduction disorders and re-entrant arrhythmia too closely. Thus, in the former situation there is no way to discern whether a progressive beat-to-beat delay of a fragmented late septal deflection represents a progressive conduction delay in the same pathway or that activity proceeds to the same myocardial zone through different pathways and/or local re-entrant circuits. This and similar arguments clearly show that this study falls short of actually delineating a reentrant pathway. However it demonstrates that the basic prerequisites needed to explain re-entry do exist during the early period following ligation of a major coronary artery.
Effect of Rate on the Early Phase of Malignant Ventricular Arrhythmias
This study shows that the influence of rate has a dual time-course. There is a relatively slower component that starts immediately following occlusion during which high rates are associated with increased fragmentation of the septal electrogram and earlier onset of ventricular arrhythmias. Maintaining a slow heart rate immediately after occlusion could delay both the degree of fragmentation of the septal electrogram and the onset of arrhythmia. Superimposed upon this slower conduction there is an immediate rate effect in which a higher degree of conduction delay and block of the septal potential appears instantaneously with sufficient increase in the rate and disCirculation, Volume 51, June 1975 appears rapidly after the rate is reduced (fig. 6, panel  B, and fig. 7 , panel E). This late effect of rate shows that conduction disorder in the ischemic myocardium is a tachycardia-dependent phenomenon. On the other hand, slowing of the heart rate regularly causes recovery of the timing, form, and duration of the septal potential with the coincident disappearance of ventricular arrhythmias. The effect of bradyeardia on the early phase of malignant ventricular arrhythmias is in accordance with our previous experience following ligation of the anterior descending coronary artery7' 8, 17 but appears to vary with other reports.3' 21 The observation that vagal-induced slowing of the atrial rate frequently interrupts the ventricular arrhythmia may superficially suggest evidence against a self-perpetuating re-entrant activity. This effect can be, however, explained as follows: In the presence of marked dispersion of ventricular activation, the arrival of the atrial impulse to the ventricle could induce one or a few ectopic beats reflecting a self-limited reentrant activity. Subsequent atrial inputs to the ventricle could further induce a fresh series of re-entrant activity. 32 These observations do not detract from the clinical significance of early coupled ventricular premature beats but rather point out that the arrhythmogenic potential in acute myocardial ischemia is not exclusively confined to those extrasystoles exhibiting the R/T phenomenon.
Predictability of Malignant Ventricular Arrhythmia in Acute
Myocardial Ischemia
The suggested electrophysiological mechanism for the early phase of malignant ventricular arrhythmia would appear to de-emphasize the role of the ventricular premature beat per se as a predictor of malignant ventricular arrhythmia in the early phase of acute coronary ischemia. This is apparently at variance with the widely held view. 33 Although certain characteristics such as short coupling, multiform configuration, frequency, and occurrence in salvos may be more conducive to the occurrence of ventricular fibrillation, those manifestations are only the characteristics of an underlying pathophysiologic process and are not in themselves the primary culprit. It seems that the primary factor that determines the arrhythmogenic potentiality during acute myocardial EL-SHERIF, SCHERLAG, LAZZARA ischemia is the degree of dispersion of ventricular depolarization. However 
